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Complex picture for likelihood of ENSO-driven
ﬂood hazard
R. Emerton1,2,3, H.L. Cloke1,2, E.M. Stephens1, E. Zsoter1,3, S.J. Woolnough4 & F. Pappenberger3
El Nin˜o and La Nin˜a events, the extremes of ENSO climate variability, inﬂuence river ﬂow and
ﬂooding at the global scale. Estimates of the historical probability of extreme (high or low)
precipitation are used to provide vital information on the likelihood of adverse impacts during
extreme ENSO events. However, the nonlinearity between precipitation and ﬂood magnitude
motivates the need for estimation of historical probabilities using analysis of hydrological data
sets. Here, this analysis is undertaken using the ERA-20CM-R river ﬂow reconstruction for
the twentieth century. Our results show that the likelihood of increased or decreased ﬂood
hazard during ENSO events is much more complex than is often perceived and reported;
probabilities vary greatly across the globe, with large uncertainties inherent in the data and
clear differences when comparing the hydrological analysis to precipitation.
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E
l Nin˜o Southern Oscillation (ENSO) is the most prominent
pattern of inter-annual climate variability1, and is known to
inﬂuence river ﬂow2 and ﬂooding3–5 at the global scale. In
the absence of hydrological analyses, products indicating the
likelihood of extreme precipitation are often used as an early
indicator of ﬂooding during extreme ENSO events6. However, the
nonlinearity between precipitation and ﬂood magnitude and
frequency7 means that it is important to assess the impact of
ENSO not just on precipitation, but on river ﬂow and ﬂooding.
This is especially important as, as stated by Chiew and
McMahon2, ‘it is likely that the streamﬂow-ENSO relationship
is stronger than the rainfall-ENSO relationship because the
variability in rainfall is enhanced in runoff and because
streamﬂow integrates information spatially’.
Here, a global scale hydrological analysis is performed to
estimate the historical probability of increased or decreased ﬂood
hazard in any given month during El Nin˜o/La Nin˜a events,
assessing the added beneﬁt of directly analysing river ﬂow over
the use of precipitation as a proxy for ﬂood hazard.
Historical probabilities provide useful information about
typical ENSO impacts based on historical evidence8,9 and are,
as stated by Mason and Goddard8, ‘a better estimate of the future
climate than the assumption that seasonal conditions will be the
same as average’. Nonetheless, there are some key considerations
when using such information. One such consideration is that no
two El Nin˜o events are the same8,10; differences in the peak
amplitude, temporal evolution and spatial pattern of warming are
likely to affect the timing and magnitude of the resulting impact
on river ﬂow. There are many suggested ways to classify ENSO
diversity11, for example, El Nin˜o events are often described as
‘East Paciﬁc’ (EP) or ‘Central Paciﬁc’ (CP), dependent on where
the peak warming occurs. While this is an over-simpliﬁcation of
the complexity surrounding ENSO diversity, the location of the
peak warming can alter the inﬂuence on river ﬂow. An additional
consideration is the inﬂuence of warming ocean temperatures on
ENSO events and their related impacts. Recent studies12,13
suggest that projected changes in the Walker circulation and
associated weakening of equatorial Paciﬁc ocean currents are
expected to result in more frequent, and more extreme, El Nin˜o
and La Nin˜a events12,14.
In the past, studies have been limited to reanalysis data sets of
no longer than B40 years3–5, in which there is a sample of p10
El Nin˜o and p13 La Nin˜a events, or observational data with
inconsistent coverage, both spatially and temporally2. We have
created a twentieth century (1901–2010) model reconstruction of
river ﬂow in order to obtain a hydrological data set with
consistent global coverage over an extended time period. Research
by Essou et al.15 indicates that global meteorological reanalysis
data sets ‘have good potential to be used as proxies to
observations’ in order to force hydrological models, particularly
in regions where few observations are available. This data set was
created by forcing a research version (described in the Methods)
of the Global Flood Awareness System16,17 (GloFAS) with
the ERA-20CM18 meteorological model reconstruction of
the European Centre for Medium-Range Weather Forecasts
(ECMWF) to produce a 10-member, 0.5 resolution
reconstruction of river ﬂow (from here on, ERA-20CM-R)
containing 259,200 grid points covering the global river
network (Supplementary Fig. 1). Figure 1 depicts a time series
of three key variables used in this study, alongside the timing of
the 30 El Nin˜o and 33 La Nin˜a events identiﬁed in ERA-20CM-R
(see Methods).
Previous work by Ward et al.4 has looked at the inﬂuence of El
Nin˜o on ﬂood return periods, quantifying the percentage
anomaly during El Nin˜o years in comparison with climatology
(deﬁned as the long-term average of historical river conditions or
meteorological parameters). To ensure accurate estimation of
historical probabilities of ENSO-driven ﬂood hazard, this analysis
was replicated using the new ERA-20CM-R data set and gives
similar results (Supplementary Fig. 2).
In this study, using a climatology of all years and all El Nin˜o/La
Nin˜a years, we calculate the percentage of past El Nin˜o/La Nin˜a
events during which the river ﬂow fell in the upper (lower)
quartile of climatology, deﬁned here as ‘abnormally high (low)
ﬂow’. Our results show that the likelihood of increased or
decreased ﬂood hazard during ENSO events is much more
complex than is often perceived and reported; probabilities vary
greatly across the globe, with large uncertainties inherent in the
data and clear differences when comparing the hydrological
analysis to precipitation.
Results
Historical probabilities during El Nin˜o. Figure 2a shows the
historical probabilities for February during an El Nin˜o, with the
full set of El Nin˜o and La Nin˜a results presented in
Supplementary Figs 7 and 8, respectively. El Nin˜o events tend to
span two calendar years, evolving in boreal spring and reaching
their peak magnitude in winter of the same year, before decaying
into the following spring/summer. Shortly after the peak,
February sees some of the highest probabilities and extensive
spatial coverage of regions inﬂuenced by El Nin˜o (where 440%
probability of abnormally high or low river ﬂow represents a
signiﬁcant inﬂuence); 34.5% of the land surface indicates a sig-
niﬁcant increase in the probability of abnormally high or low
river ﬂow (19.2% for high, 15.3% for low) compared to any given
year.
The inﬂuence of El Nin˜o on river ﬂow can be seen as early as
June (see Supplementary Fig. 7), shortly after ENSO tends to
move into the warm phase, with some regions, mostly conﬁned to
the tropics, beginning to see up to a 50% probability of high or
low river ﬂow in the ensemble mean. In August and September,
much of South America, south of the Amazon River, is somewhat
likely (B40–60% probability) to observe higher than normal river
ﬂow; however, in November, closer to the typical peak of El Nin˜o
events, a reversal to drier conditions across much of Brazil is
observed. The southern USA has a high probability (up to 70%)
of high river ﬂow from December onwards, while Mexico is
another region that experiences a reversal in the inﬂuence of El
Nin˜o, from decreased ﬂood hazard up until September/October,
to increased ﬂood hazard from November onwards. Other
regions are much more consistent, such as Indonesia, which
has a high certainty of abnormally low river ﬂow throughout the
evolution, peak and decay of El Nin˜o. However, it is important to
note that across the globe, the uncertainty around these
probabilities can be high.
Evaluating the uncertainty. Indeed, the historical probabilities
themselves give an indication of the uncertainty in the response of
the river ﬂow to ENSO events. Here, the 10 ensemble members of
ERA-20CM-R also allow interpretation of the uncertainty in the
data set, as each ensemble member represents an equally probable
reconstruction of the river ﬂow. To provide an indication of this
uncertainty, Fig. 2b shows the range of the probability around the
mean probability shown in Fig. 2a. The inﬂuence of El Nin˜o is
much more certain in some locations; for example, in coastal
Ecuador/northern Peru, the probabilities vary by only 9%. These
locations (darkest shading, 5–10% range) stand out in Fig. 2b;
these are the areas where there is potential to use such historical
probabilities as an early indicator of increased or decreased ﬂood
hazard, as they tend to give high probabilities combined with
small uncertainties. However, much of the globe shows a range of
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20–40%, and some small regions, such as in northwest Spain and
eastern Argentina, see a range up to 70% across the ensemble
members. The implication is that while some regions see high
probabilities of increased ﬂood hazard (e.g., up to 77% in
northern Peru), across much of the globe the likelihood is much
lower and much more uncertain than might be useful for deci-
sion-making purposes.
Importance of the hydrology. Evaluating the historical prob-
abilities of abnormally high or low precipitation, using the ERA-
20CM precipitation data set, conﬁrms that there is additional
information which can be gained from the hydrological analysis.
For example, parts of northern Africa are likely to see high pre-
cipitation in February (Supplementary Fig. 3a); however, the
River Nile is likely to see dry river conditions (Fig. 2a), indicating
that the river is inﬂuenced more by upstream rather than local
precipitation.
To further highlight the importance of considering the
hydrological impacts, Fig. 3 indicates regions, shown in pink
(green), where the probability of high river ﬂow is greater
(smaller) than that of high precipitation. These differences
suggest that the inﬂuence of El Nin˜o is more pronounced in
the river ﬂow in pink regions, and conversely, green highlights
regions where the use of precipitation as a proxy for ﬂood hazard
results in an overestimation of the probabilities. This could also
indicate that the region is likely to experience a lagged inﬂuence
of El Nin˜o on river ﬂow. The corresponding results for low ﬂow
are presented in Supplementary Fig. 4.
Historical probabilities during La Nin˜a. El Nin˜o events are
often followed by a La Nin˜a, the cool phase of ENSO. While La
Nin˜a events tend to be less widely discussed in the media, their
inﬂuence on precipitation is often used as a proxy for ﬂood
hazard, as with El Nin˜o. We have therefore extended this analysis
to evaluate the probability of increased (or decreased) ﬂood
hazard during La Nin˜a years. We ﬁnd that many regions
inﬂuenced by El Nin˜o are likely to observe the opposite response
during La Nin˜a. Figure 4 shows these probabilities, again for
February, during a La Nin˜a event, with the full set of results
shown in Supplementary Fig. 8. It is evident that less of the land
surface is signiﬁcantly inﬂuenced by La Nin˜a compared to El
Nin˜o during this month (22% of the land surface compared to
34.5%). Probabilities, while still signiﬁcant, also tend to be lower
than for the same month during an El Nin˜o; the highest prob-
ability of increased ﬂood hazard shown in Fig. 4a is 67, and 69%
for decreased ﬂood hazard. Again, the uncertainty surrounding
this mean probability is large (20–40% and in some areas470%)
across much of the globe; this can be seen in Fig. 4b.
Maximum probabilities during El Nin˜o/La Nin˜a. While the
monthly maps of historical probabilities give an indicator of the
probability of increased (or decreased) ﬂood hazard and when
this is likely to occur, it is perhaps useful to consider the event as
a whole, as the peak conditions occur at different times across the
globe. Figure 5a (b) shows the maximum probability of increased
ﬂood hazard during any month of an El Nin˜o (La Nin˜a) event;
this provides an overview of whether a region is likely to
experience a change in river conditions or not during or following
the event. Figure 5 also indicates where the uncertainty sur-
rounding the probabilities is high; this tends to be where the
probability is lower, while regions with high probabilities also
indicate higher certainty. This analysis further conﬁrms that
across much of the globe, such historical probabilities are much
more uncertain than is often communicated. The corresponding
results for decreased ﬂood hazard are shown in Supplementary
Fig. 5.
Comparison with observations. A comparison of the historical
probabilities against observed data sets was also undertaken (see
Methods and Supplementary Fig. 6). While this proved challen-
ging at the global scale due to a lack of consistent and extensive
river ﬂow records in regions of the world where ENSO events
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Figure 1 | Time series of three key ERA-20CM-R variables and timing of El Nin˜o and La Nin˜a events. (a) Three-month running mean sea surface
temperature anomaly in the Nin˜o3.4 region (SSTA3.4), and number of grid points globally in which monthly mean river ﬂow (b) exceeds the top
25th percentile and (c) falls below the lower 25th percentile. Solid lines show the mean of the 10 ensemble members, while shading indicates the spread
of the members. The SSTA3.4 is used to identify El Nin˜o and La Nin˜a years in the data set, highlighted here by the grey shaded and hatched bars,
respectively.
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Figure 2 | Historical probability of increased or decreased ﬂood hazard during one month of an El Nin˜o. (a) Probability of abnormally high (blue) or low
(red) monthly mean river discharge. Based on the mean of the 10 ERA-20CM-R ensemble members exceeding the 75th percentile, or falling below the 25th
percentile, of the 110-year river discharge climatology. (b) Uncertainty around the probability shown in (a), i.e., the difference between the minimum and
maximum of the 10 ensemble members (%). The boxplot (b, inset) gives an example graphical representation of the uncertainty range at one grid point,
marked on the map by an ‘x’, where the mean probability indicated in (a) is 63%. The range is given by the difference between the minimum and maximum
of the 10 ensemble members; in this case 53 and 81%, giving a 28% range falling in the 20–40% bracket in (b). The month of February is chosen as,
occurring shortly after the peak of an El Nin˜o, it sees extensive spatial coverage of land areas inﬂuenced by El Nin˜o.
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have the most inﬂuence, the evaluation suggests a potential
overestimation of the probabilities in both the precipitation and
river ﬂow reconstructions. This stresses that while these model
reconstructions are currently the best available data for such
research, there is a need for more extensive river ﬂow observa-
tions in regions impacted by ENSO events.
Throughout the results, the complexity and uncertainty
surrounding such historical probabilities is evident. Indeed,
observations of ﬂooding in February 2016, during the strong
2015–2016 El Nin˜o event, reﬂect this complex picture of ENSO-
driven ﬂood hazard. The expected ﬂooding (based on the results
shown in Fig. 2a) in Peru, Bolivia, Argentina and Angola was
observed19; yet in several other regions, such as Eastern China,
Japan and parts of the Middle East, no ﬂood events were
recorded. Flooding also occurred in Indonesia despite a high
likelihood of dry river conditions. In Kenya and Peru, two
examples where ﬂood preparedness actions were taken ahead of
El Nin˜o, ﬂooding was much less severe than expected20,21.
A recent Nature correspondence22 also highlighted the
unexpected winter weather in the USA; California experienced
heatwaves rather than prolonged rain events, while Seattle was
expecting a worsening drought and instead endured the wettest
winter on record (see also Supplementary Fig. 7).
Discussion
We have conducted a global hydrological analysis of ENSO as a
predictor of ﬂood hazard based on historical probability estimates
using a new, extended-length model reconstruction of river ﬂow.
The importance of addressing the hydrology in addition to
precipitation is evident in the differences between the probabil-
ities of high river ﬂow and precipitation, and in the ability to
further evaluate areas likely to see a lagged inﬂuence of El Nin˜o
on river ﬂow. We conclude that while it may seem possible to use
historical probabilities to evaluate regions across the globe that
are more likely to be at risk of ﬂooding during an El Nin˜o/La
Nin˜a, and indeed circle large areas of the globe under one banner
of wetter or drier, the reality is much more complex. It is
therefore important to undertake research that focuses on the
region(s) of interest and consider the impact of ENSO diversity
and other drivers of climate variability on the hydrology and
ﬂood hazard.
Methods
The new twentieth century river ﬂow data set. For this study, we have created a
twentieth century (1901–2010) reconstruction of river discharge, in order to obtain
a data set with consistent global coverage over an extended time period. This was
achieved by forcing an alternative setup of the GloFAS16,17 with the 10 ensemble
members of the ERA-20CM18 atmospheric model ensemble of the ECMWF to
produce a 10-member ensemble of river discharge for the global river network
(ERA-20CM-R).
The operational set-up of GloFAS takes the runoff output from the ECMWF
Integrated Forecast System (IFS) and runs this through the Lisﬂood hydrological
routing model16. Here, we instead use the Catchment-based Macro-scale
Floodplain23 (CaMa-Flood) routing model to create the river discharge
reconstruction at 0.5 resolution from the gridded ERA-20CM runoff data. A map
of the CaMa-Flood global river network is given in Supplementary Fig. 1. We note
here that the version of GloFAS used in this study is uncalibrated.
While the use of the ERA-20CM model reconstruction allows a consistent
analysis at the global scale, and provides a much longer time period over which
to study these extreme events, there are limitations that must be considered.
ERA-20CM incorporates ENSO and twentieth century climate trends, and
assimilates sea-surface temperature and sea ice cover18. It does not, however,
assimilate atmospheric observations. This is a drawback as the model
reconstruction is able to provide a statistical estimate of the climate, but is not able
to reproduce synoptic situations. We have therefore undertaken a comparison with
the best available precipitation and river discharge observations for the twentieth
century and are satisﬁed that ENSO teleconnections are well-represented in ERA-
20CM(-R). Of course, there is further uncertainty introduced when going back as
far as the early twentieth century when fewer observations were available; the 10
ensemble members go some way to representing this uncertainty and are a key
beneﬁt of this particular data set, and thus are considered throughout this study.
Identifying the El Nin˜o years. To conduct this analysis, we ﬁrst identiﬁed the
El Nin˜o/La Nin˜a years in the data set. This was done using the deﬁnition that the
US National Oceanic and Atmospheric Administration (NOAA) use to declare El
Nin˜o (La Nin˜a) conditions operationally24. This deﬁnition states that the sea
Probability high precip. < probability high flow
Probability high precip. > probability high flow
Figure 3 | Comparison of historical probabilities based on precipitation and river ﬂow. Regions where the difference in probability of abnormally high
precipitation compared to probability of high river ﬂow, in the month of February during an El Nin˜o, is greater than 10% (based on the ensemble mean).
Pink shading indicates that the probability of high precipitation is smaller than the probability of high river ﬂow, while green shading indicates that
probabilities are larger for precipitation.
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surface temperature (SST) anomaly must remain Z0.5 C (p0.5 C), in the
Nin˜o3.4 region in the central Paciﬁc (5 S–5N, 170–120W), for at least ﬁve
consecutive 3-month periods. Here, we extracted the ERA-20CM SST data and
calculated the 3-month running mean SST anomalies for the Nin˜o3.4 region,
allowing identiﬁcation of the 30 (33) years in which El Nin˜o (La Nin˜a) conditions
were present from 1901 to 2010. These are listed in Supplementary Table 1, where
the El Nin˜o/La Nin˜a year refers to the year in which the event evolves and typically
also reaches its peak, as ENSO events often span 2 years, decaying into the
following year. We note that while there is generally a good agreement between the
ENSO events identiﬁed in ERA-20CM and those published by NOAA25 for the
same period, there are, however, some discrepancies. This is likely due to the
different indices/deﬁnitions used to identify the ENSO events. For example, in 1977
and 1979, El Nin˜o events are identiﬁed by NOAA, using the Multivariate ENSO
Index25, but these are not picked up in this study. In Fig. 1, it is evident that the
100 90
Probability (%) of abnormally low flow Probability (%) of abnormally high flow
80 70 60 50 40 50 60 70 80 90 100
70 40 20 10
Uncertainty (%) around the probability shown in (a)
5 10 20 7040
b
a
Figure 4 | Historical probability of increased or decreased ﬂood hazard during one month of a La Nin˜a. (a) Probability of abnormally high (purple) or low
(orange) monthly mean river discharge in the month of February during a La Nin˜a. Based on the mean of the 10 ERA-20CM-R ensemble members
exceeding the 75th percentile, or falling below the 25th percentile, of the 110-year river discharge climatology. (b) Uncertainty around the probability shown
in (a), i.e., the difference between the maximum and minimum of the 10 ensemble members (%).
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SST did exceed 0.5 C in ERA-20CM, but this did not persist for long enough to be
identiﬁed as an event. This is a limitation of the need to use one of the many
varying methods of classifying and identifying ENSO events. This method was
chosen as it is the most operationally relevant at the time of writing.
Historical probability estimation. For the results presented in this study, the 110-
year ERA-20CM-R climatology was used to calculate the upper and lower 25th,
10th and 5th percentiles of river discharge for every grid box. The historical
probability of abnormally high or low river ﬂow in any given month was then
estimated, through calculation of the percentage of the 30 (33) identiﬁed El Nin˜o
(La Nin˜a) years in which the river discharge exceeded (high ﬂow) or fell below (low
ﬂow) the three percentile thresholds, for each of the 10 ensemble members of ERA-
20CM-R. The analysis presented in this paper is based on percentiles so as to avoid
potential large errors caused by bias in the data set compared to observations
(discussed further below).
Maps of the resulting probabilities were produced based on the mean of the 10
ensemble members. As the number of ENSO events cover a substantial part of the
110-year period, there is a chance of picking up random effects. The maps
produced therefore only display results where the probability is signiﬁcantly greater
than normal, i.e., Z40%; an ‘event’ (occurrence of abnormally high or low ﬂow)
with a probability of 40% during one month of an El Nin˜o/La Nin˜a has only a 5%
chance of occurring by chance in that month, and thus represents a signiﬁcant
increase in the probability compared to the likelihood of occurring at random.
Additionally, the spread in the ensemble members is designed to reﬂect the
uncertainty in the data set, and can indicate a range of possible outcomes or
probabilities. As such, we have further calculated the uncertainty around the mean
probability for the whole globe, based on the range across the ensemble members.
For each ensemble member, the range between the minimum and maximum
ensemble members was calculated for every grid box individually. This allows us to
interpret the uncertainty in the probability caused by uncertainty in the data set.
El Nin˜o/La Nin˜a onset tends to occur in boreal spring/early summer and peak
in winter25, before decaying into the following spring. As such, the monthly
analysis was undertaken for a period of 2 years; the year of onset, and the following
year during which the El Nin˜o/La Nin˜a decays, in order to capture any lagged
inﬂuence on river ﬂow. Signiﬁcant inﬂuence is shown in the results from June
during the El Nin˜o/La Nin˜a year, to the following September (16 months). While it
would seem advantageous to summarize the ﬁndings by season for simplicity,
evaluation of the results shows that the patterns of inﬂuence across the globe can
change dramatically, in some instances, from one month to the next. Summarizing
Maximum probability (%) of abnormally high flow during an EI Nin˜o
40
b
a
Uncertainty > 25%
Uncertainty > 25%
50 60 70 80 90 100
40 50 60 70 80 90 100
Maximum probability (%) of abnormally high flow during a La Nin˜o
Figure 5 | Maximum probability of increased ﬂood hazard during an ENSO event. Maximum probability of abnormally high river ﬂow in any month
during (a) an El Nin˜o event and (b) a La Nin˜a event. Based on the mean of the 10 ERA-20CM-R ensemble members exceeding the 75th percentile, or falling
below the 25th percentile, of the 110-year river discharge climatology during, or shortly after the decay of, an ENSO event. Stippling indicates where the
uncertainty surrounding this probability is high, i.e., the range of the ensemble members exceeds 25% probability.
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these maps into seasons may therefore result in a loss of information for some
months.
Difference between river ﬂow and precipitation. A key aim of this paper was to
evaluate the added beneﬁt of the hydrological analysis over the use of precipitation
as a proxy for ﬂood hazard. To do this, the same method used to estimate the
historical probabilities in the river ﬂow reconstruction (ERA-20CM-R) was also
applied to the ERA-20CM precipitation reconstruction. The horizontal resolution
of the ERA-20CM precipitation data is B125 km, while the river ﬂow data is at
0.5 (B55 km) resolution. To compare these, the results from the precipitation
data were remapped to the higher resolution of the river ﬂow data using a simple
nearest neighbor remapping algorithm. The difference between the historical
precipitation probabilities and river ﬂow probabilities was then calculated for the
mean of the 10 ensemble members.
Comparison with observations—precipitation. To evaluate the results shown
using the new ERA-20CM(-R) data set, the same method for estimating historical
probabilities was also applied to other, related data sets: the Global Precipitation
Climatology Centre (GPCC) Full Data reanalysis (GPCC-FD)26 at 0.5 resolution,
and the Global Runoff Data Centre (GRDC) river discharge observations27. Again,
percentiles are used throughout to allow reliable comparison with observations
despite potentially large bias in the model reconstruction values compared to
observed values.
The GPCC-FD reanalysis is a global gridded precipitation data set based on
interpolated rain gauge data26. Comparing the ERA-20CM and GPCC-FD
precipitation data sets indicates that the regions inﬂuenced by El Nin˜o are well-
represented by ERA-20CM (see Supplementary Fig. 3b), and in line with well-
known ENSO-sensitive regions, such as Australia, Indonesia, Argentina (the Rio de
la Plata delta) and the southern USA—which have been shown to be well-
represented in the GPCC-FD28. However, the strength of this link appears to be
overestimated compared to observations, as the ERA-20CM data show higher
probabilities of abnormally high or low precipitation than the GPCC-FD. Some of
this overestimation may be caused by the use of the ensemble mean to produce the
ERA-20CM maps, as averaging across the 10 ensemble members likely results in a
reduction of the variance and we therefore pick up the forced part of the signal.
Comparison with observations—river discharge. As no gridded observational
data set of river discharge exists for the global river network, archived station data
from the GRDC were used. Criteria for data suitability were chosen to identify
those stations which could be of use in this study. Firstly, only stations with at least
a 75-year record of observations between 1901 and 2010 were included; these could
be stations recording on a daily or monthly basis. Of these, any stations with more
than 50% of the data missing were removed. In total, 1287 stations ﬁt the criteria
(232 monthly, 1,055 daily), of which the majority haveo30% of the data missing.
Each of these stations were manually checked to ensure that they correspond to the
correct river point (taking into account location and upstream area) on the model
river network. A key limitation of using the GRDC observations for this study is
that many of these stations lie in river basins outside of the tropics and
subtropics—the regions that tend to be most strongly inﬂuenced by ENSO events.
This highlights the need for more consistent global river ﬂow observations, but in
their absence, model reconstructions and reanalyses present the best available data
for regional and global scale research based on historical evidence.
To compare the results based on observations with ERA-20CM-R, we produced
a reliability diagram (Supplementary Fig. 5) for the historical probability of
abnormally high river ﬂow, comparing the forecast (historical) probability of an
event (in this case, river ﬂow exceeding a given percentile) with the observed
frequency of the event. This was achieved by ﬁrst locating all grid points in the
ERA-20CM-R data set that contain a GRDC station that ﬁt the criteria outlined
above. For each percentage band (in 10% bins, as displayed on the maps shown in
the Results) of the ‘forecast’, the observed frequency of river ﬂow exceeding the
upper 25th, 10th and 5th percentiles of the 110-year climatology was calculated for
each GRDC station, before taking the mean across all stations, and all 16 months
used in the analysis (June to the following September). This allows comparison of
the predicted probability with the observed frequency. The reliability diagram
(Supplementary Fig. 5) and the discrepancy between forecasted and realized
probabilities indicates that there is a potential overestimation of the forecasted
probabilities. There are limitations, however, in that we have very few, or no,
observation stations with which to compare the results for the higher probabilities
(Supplementary Fig. 5, inset), particularly in regions that are most signiﬁcantly
inﬂuenced by El Nin˜o/La Nin˜a and where reliability may be better, such as the
tropics. This suggests that such a reliability analysis may not be fully representative
of the results. Additionally, the data records vary from station to station; therefore,
the number of El Nin˜o/La Nin˜a years included in the observational record of each
station also varies.
Data availability. The ERA-20CM, GPCC-FD and GRDC data that support the
ﬁndings of this study are publicly available online at http://www.ecmwf.int/en/
research/climate-reanalysis/era-20cm-model-integrations, http://www.dwd.de/EN/
ourservices/gpcc/gpcc.html and www.bafg.de/GRDC. The ERA-20CM-R data that
support the ﬁndings of this study are available from the corresponding author
upon reasonable request.
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